Activated sintering in Bi 2 O 3 -doped ZnO has been studied with emphasis on the mechanistic role of intergranular amorphous films. The atomic-level microstructures and bismuth solute distributions in doped powders have been investigated using high resolution electron microscopy (HREM) and scanning transmission electron microscopy (STEM). Densification is observed to be significant below the bulk eutectic temperature in the presence of Bi 2 O 3 concentrations as low as 0.58 mole %. Transmission electron microscopy (TEM) of as-calcined and sintered powders shows that significant neck growth and particle coarsening occur in the solid state. Intergranular amorphous films of 1 nm thickness, terminating in wetting menisci at sinter-necks, are observed to form concurrently with the onset of activated sintering. In a few instances, amorphous films are also observed at surfaces of the ZnO particles. Activated sintering in this binary system is attributed to rapid mass transport through sub-eutectic, equilibrium-thickness intergranular films, with the amorphous phase also providing capillary pressure. 
powder (isothermally sintered at 650'C for 45 hours, and airquenched).
Figure 13
A non-wetting crystalline phase in ZnO + 0.58 mole % Bi 2 O 3 23 powder (isothermally sintered at 700*C for 10 hours, and airquenched) Figure 14 A surface amorphous film in ZnO + 0.58 mole % Bi 2 O 3 powder 24 sintered at 4*C/h, and air-quenched from 700'C. 
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Activated Sintering
Activated sintering refers to the phenomenon whereby sintering rates are improved due to solid-state additives, and has generally been attributed to the presence of a secondary or "activator" phase. Because previous research has shown that densification and neck growth occur at temperature where lattice diffusion is too slow to contribute significantly to the shrinkage, grain boundary or surface transport is usually implicated. Nickel-doped tungsten has been widely studied as a model system for activated sintering, and a quantitative analysis based on a liquid phase sintering model
[1] has been developed [2] . In this model, when each tungsten particle is first coated with a uniform nickel layer, the nickel phase is presumed to provide a short-circuit 
30].
The thickness of the films is on the order of one nanometer, is nearly constant along the boundary, and varies little from boundary to boundary [23] [24] . Dihedral angles are nonzero where boundary films intersect glass pockets.
Clarke [23] proposed that the thickness of the intergranular films represents an equilibrium separation between grains. In the simplest form of this model, the total free energy is the sum of van der Waals attractive interaction and a steric (ordering or structural) repulsive interaction, and the film has a local minimum (at the equilibrium thickness) where the attractive and repulsive forces balance.
A generalized treatment of the ordering force has recently been presented [24] . showed that intergranular amorphous films of -1 nm thickness form at equilibrium below the eutectic temperature (Figure 3) . These films possess a ZnO-rich composition that is distinct from the eutectic liquid or any intermediate compounds in this binary system [21] [22] . Moreover, the grain boundary oxygen diffusion coefficient in samples containing the intergranular amorphous films has been found to be 101_106 higher than that in undoped samples [37] . These facts suggested to us that the intergranular amorphous films would likely be responsible for activated sintering in Bi 2 O 3 -doped ZnO ceramics. 
Experimental
Bismuth-doped zinc oxide powders were prepared by a co-precipitation method that has been described elsewhere [33] . The precipitated powders were calcined in air at 500'C for 2 hours, and the calcined powders (without any organic binder) were coldpressed into pellets (6.2 mm diameter, 2~3 mm thickness) at about 20-25 MPa. The green density is around 60%, 55%, 40%, and 30%, respectively, for ZnO doped with 0%
(pure ZnO), 0.23%, 0.58%, and 6.5% Bi 2 0 3 respectively. Shrinkage curves were measured using an automatic recording dilatometer (Orton, Westville, OH). The temperature was increased at 5 0 C/min to 550'C, then the dilatometric measurements were performed from that point forth at heating rates of 2 0 C/min, 0.5 C/min and 0.067 0 C/min (4 0 C/hour) respectively. The linear thermal expansion was subtracted from the shrinkage curves.
TEM specimens are difficult to prepare from lightly sintered pellets. In addition to difficulties in sectioning, the ion-thinning process can introduce artifacts [30] .
Therefore, we prepared samples from uncompacted powders and subjected them to the same heat treatment as the sintered samples. Calcined powders were wrapped in platinum foil and heated in a programmable furnace at 4 0 C/hour to 650'C or 700'C, and air-quenched. TEM specimens were then prepared by dispersing the powders ultrasonically in acetone and dropping a small amount of the suspension onto carboncoated copper grids. A JEOL JEM-200CX electron microscope was used to observe the as-calcined and sintered powders at low magnifications. High resolution electron microscopy was then carried out on a Topcon/Akashi EM-002B microscope operating at 200kV with a ±100 double-tilt sample holder. The bismuth and zinc distributions were mapped using a Fisons / Vacuum Generators HB603 analytical STEM equipped with a Link Systems energy dispersive X-ray (EDX) analyzer. X-ray diffraction (XRD, Rigaku, RU 300 X-ray generator, Cu Ka radiation) were conducted on sintered powders.
Particle size statistics of as-calcined and sintered powders were also collected.
The diameter of clearly separated particles was measured at a magnification of 50,000x.
The square root of the product of the long and short axial diameters was used for particles of elliptical cross-section. An equivalent diameter corresponding to the same projected area was used for irregularly shaped particles.
Ultrasonically dispersed powder specimens were prepared, and a set of TEM samples was prepared by placing the dry powders directly on copper grids. These two types of specimens gave results that were consistent with one another. The final statistics included both sets of samples, and in all cases, more than 100 particles per sample were counted. 
Results
Dilatometric Measurements of Pre-Eutectic Densification
Phase Characterization, Morphology and Size Distribution of As-Calcined and Sintered Powders
The minor phase can not be determined unequivocally by X-ray diffraction at the low doping levels used. From the few reflections observable in the sintered powder (heated at 4*C/h and quenched from 700'C), a crystalline Bi-rich phase does appear to be present, and is either the equilibrium ZnBi 38 16 
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In the as-calcined powder, bismuth-enriched oxide is uniformly dispersed as nanometer-sized clusters on the surfaces of the ZnO particles. powder. In the dark field image, the spots on the surfaces of ZnO particles are found in the bismuth map to correspond with bismuth-rich regions. A HREM micrograph of the bismuth oxide clusters is illustrated in Figure 7 . These clusters are crystalline; although the lattice fringes are not clear in Figure 7 because of vibration during photography, they can be viewed clearly in-situ using the TV imaging mode of the microscope. The morphologies of as-calcined and sintered powders are shown in Figure 8 and respectively for heating to 650*C and 700'C for the powder sintered at 4*C/hour, indicating significant particle coarsening below the bulk eutectic temperature. Table 1 .
Particle size statistics for ZnO + 0.58 mole % Bi 2 0 3 powder, as-calcined and sintered. The sintered powders were heated at 4 0 C/hour, and airquenched from 650'C and 700'C respectively.
Powder
As-Calcined Quenched from 650'C Quenched from 700'C Average Size 72nm 177nm 221nm
Standard Deviation 27nm 86nm 121nm
Bismuth Distribution and Intergranular Amorphous Films
In three powders sintered at 4 0 C/h: (1) ZnO + 0.58 mole % Bi 2 O 3 , air-quenched from 700'C; (2) ZnO + 6.5 mole % Bi 2 O 3 , air-quenched from 650'C; and (3) ZnO + 6.5 mole % Bi 2 O 3 , air-quenched from 700'C, the bismuth and zinc distributions were mapped using STEM. In all of these powders, strong bismuth segregation was observed at grain boundaries, as shown in Appendix C. One typical example is shown in Figure   10 . Because the powder diameter ranges from 100 nm to 300 nm, which is relatively thick for 200 kV microscopy, HREM was conducted primarily at the boundaries between smaller particles. Intergranular amorphous films were observed at all boundaries that could be oriented with the boundary plane parallel to the incident electron beam. Figure   11 shows a typical boundary, with an intergranular film approximately 0.8 nm thick.
These films are similar to those previously observed at solid-state equilibrium in sintered polycrystals [30] .
Figure 11
HREM image of an intergranular amorphous film in ZnO + 0.58 mole % Bi 2 O 3 powder sintered at 4*C/h and air-quenched from 700*C.
It was further observed that the amorphous phase forms wetting menisci at sinternecks ( Figure 12) , with a small contact angle at both the surfaces and grain boundary. A crystalline bismuth oxide was observed at several grain junctions (Figure 13) . Unlike the amorphous phase, this crystalline secondary phase does not form a wetting configuration.
We presume this phase to be that seen by X-ray diffraction. Since no ion milling was involved in preparing these specimens, we believe these secondary phase distributions are representative of those present during sintering. A typical wetting amorphous meniscus in ZnO + 6.5 mole % Bi 2 O 3 powder (isothermally sintered at 650*C for 45 hours, and air-quenched).
Figure 13
A non-wetting crystalline phase in ZnO + 0.58 mole % Bi20 3 powder (isothermally sintered at 700*C for 10 hours, and air-quenched).
Surface Amorphous Films
In a few instances, amorphous films of 1 nm thickness were also observed at free surfaces of sintered ZnO powders. One such surface viewed edge-on is shown in Figure 14 . Statistically, only a small fraction of surfaces are covered with amorphous films. 10 nm Figure 14 A surface amorphous film in ZnO + 0.58 mole % Bi 2 O 3 powder sintered at 4 0 C/h, and air-quenched from 700*C.
Discussion
This study shows that an intergranular amorphous phase that satisfies the prerequisites for being an "activator" phase forms concurrently with the onset of solidstate activated sintering. This amorphous phase has a high solubility for the ZnO primary phase, spontaneously forms continuous films along grain boundaries, and has an increased diffusion coefficient for at least oxygen [37] . Although the zinc grain boundary diffusion coefficient has not been measured, it is reasonable to expect that it is also increased in the intergranular film. Rapid mass transport of ZnO through the intergranular films is therefore concluded to be the mechanism of solid-state sintering in this system. Moreover, the amorphous phase forms wetting menisci at sinter-necks, indicating that it can provide a capillary pressure driving force for solid-state sintering.
Compared with previous explanations of activated sintering, this model is unique in that the "activator" is an amorphous phase that forms well below the eutectic temperature, and only at interfaces. This phase does not appear in the bulk phase glass-crystal interfaces, it is expected that the van der Waals interaction and short-range ordering will contribute to the total energy of the film [23] [24] . The appearance of an "equilibrium thickness" for the solid-state amorphous film suggests existence of a local minimum in the total interaction energy.
The previous studies [25, 30] have also shown that the composition of the intergranular films at 700'C is about 2. In the high bismuth content sample (6.5 mole % Bi 2 O 3 ), the densification below 650'C is significantly higher than that in low bismuth-content samples ( Figure 2 ). This is possibly due to increased particle re-arrangement, given the excess of secondary phase.
However, in this sample as well as the one containing 0.58 mole % Bi 2 O 3 , intensive activated sintering begins at about 700'C, which indicates that the process is similar in both.
The surface amorphous films, which also appear to be of "equilibrium thickness,"
are most likely the free-surface counterpart of intergranular amorphous films of equilibrium thickness. These have now been observed at grain boundaries in numerous systems [23] [24] [27] [28] [29] , as well as at heterophase interfaces [26, 29] . Since in our samples only a small fraction of the ZnO surface is covered by surface films, they probably do not contribute significantly to activated sintering.
It is possible that intergranular films of a similar character are responsible for activated sintering in other systems. In nickel-and palladium-activated sintering of tungsten, several studies [8, 40, 41] concluded that diffusion in the interfacial phase is the rate-limiting step. This would suggest that the sintering rate would increase for a thicker layer of activator phase. However, experiments have deduced that the optimum coating layer thickness is about one nanometer, above which the shrinkage rate remains steady
[9] or even slightly decreases [8] . Although further study is necessary to clarify to nature of the activator phase in refractory metals, it is possible that any excess solute above that necessary to form an equilibrium-thickness film forms discrete secondary phase that does not promote sintering.
Conclusion
Small additions of uniformly distributed Bi 2 O 3 can greatly enhance the sintering of ZnO powders below the bulk eutectic temperature. Pre-eutectic densification, neck growth and particle coarsening have been observed to occur in the solid state. Bienriched amorphous films of~1 nanometer thickness form at grain boundaries during solid-state activated sintering. Consequently, accelerated mass transport through these sub-eutectic intergranular amorphous films appears to be responsible for activated sintering in this system. Moreover, the amorphous phase is found to form wetting menisci at particle contacts providing a capillary pressure driving force for solid-state sintering.
100 nm ZnO + 6.5 mole % Bi 2 O 3 , as-calcined (5000C, 2h).
